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The  U.S.  Navy  is  funding  a program  to  develop  lightweight  hydraulic 
systems  (LHS)  for  aircraft;  this  report  documents  Phase  IX.  Prior  phases 
have  shown  that  use  of  an  8000  psi  operating  pressure  instead  of  the 
conventional  3000  psi  level  would  significantly  reduce  weight  and  space 
requirements  of  hydraulic  system  components.  The  primary  objective  of 
Phase  IX  was  to  provide  further  evidence  of  the  feasibility  of  the  LHS 
concept  by  flight  testing  an  8000  psi  hydraulic  control  system. 

An  8000  psi  lateral  control  system  was  installed  in  a T-2C  airplane 
using  components  developed  in  prior  phases  of  the  program.  Major  com- 
ponents were  an  8000  psi  variable  displacement  pump  and  an  8000  psi 
aileron  power  actuator.  Four  different  pilots  evaluated  the  test  instal- 
lation, accumulating  a total  of  11.5  flight  hours.  No  malfunctions 
occurred  in  the  8000  psi  system;  pilot  comments  were  favorable.  Oper- 
ational characteristics  of  the  8000  psi  system  were  very  similar  to  the 
T-2C  3000  psi  lateral  control  system.  The  test  installation  performed 
exceptionally  well;  fluid  temperatures  were  nominal,  pressure  fluctuations 
were  small,  fluid  particulate  generation  was  low,  and  component  endurance 
was  projected  to  be  satisfactory. 

Successful  completion  of  Phase  IX  corroborated  the  results  of  prior 
analyses  and  laboratory  investigations.  The  relative  ease  with  which 
flight  testing  was  accomplished  confirmed  that  8000  psi  lightweight 
hydraulic  systems  can  be  designed,  fabricated,  and  maintained  without 
special  techniques  or  state-of-the-art  advances. 
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1.0  INTRODUCTION 

I 


1.1  BACKGROUND  INFORMATION 

The  development  of  a lightweight  hydraulic  system  (LHS)  for  military 
aircraft  has  been  a joint  undertaking  by  the  Navy  and  Rockwell  International 
since  1966.  The  LHS  concept  involves  the  use  of  an  8000  psi  pressure  level 
to  minimize  the  weight  and  space  requirements  of  hydraulic  components  and 
lessen  the  severity  of  the  weight  and  space  restrictions  present  in  high 
density,  supersonic  aircraft. 

Prior  phas  es  of  the  program  have  examined  many  aspects  of  very  high 
pressure  hydraulic  systems  as  applied  to  aircraft.  The  first  phase  was 
a theoretical  study  of  pressure  levels  up  to  20,000  psi,  and  concluded 
that  operating  pressures  up  to  9000  psi  are  feasible,  Reference  1.  The 
second  phase  consisted  of:  (l)  a math  model  computer  simulation  to 

establish  the  dynamic  response  of  two  schematically  simple  hydraulic 
systems  operating  with  pressures  up  to  12,000  psi;  and  (2)  laboratory 
tests  to  confirm  trends  noted  at  lower  pressures  and  gain  operating  ex- 
perience with  pressure  levels  up  to  9000  psi,  Reference  2.  Phase  III 
verified  the  math  model  dynamic  response  at  6000  and  9000  psi  by  means  of 
laboratory  tests  conducted  on  a mass-loaded  servo  actuator  powefed  by  a" 
very  high  pressure  ai rcra f t- type  pump,  Reference  3.  The  pump  was  designed 
and  built  by  Abex  Corporation  in  Oxnard,  California,  under  the  technical 
guidance  of  the  Columbus  Aircraft  Division  (CAD).  The  9000  psi  servo 
actuator  was  designed  and  fabricated  by  CAD  and  sized  to  simulate  the 
RA-5C  horizontal  stabilizer  flight  control  "muscle"  actuator. 

Phase  IV  involved  hardware  performance  tests,  selection  of  8000  psi  as 
the  LHS  operating  pressure  level,  development  of  LHS  design  criteria,  and  V. 

use  of  these  criteria  in  a study  made  to  determine  space  and  weight  savings 
achieved  if  an  8000  psi  hydraulic  system  were  applied  to  the  F-14  airplane, 

Reference  4.  Phase  V was  an  investigation  of  the  detail  performance  char- 
acteristics of  8000  psi  hardware  including  a variable  delivery  pump,  three 
port  solenoid  valve,  power  servo  actuator,  and  notched  spool/sleeve  type 
flow  control  valve  --  all  operating  with  MIL-H-83282  fluid,  Reference  5.  In 
addition,  the  computer  simulation  of  Reference  3 was  updated  and  compared 
to  hardware  performance,  and  an  industry-wide  survey  was  made  to  locate 
8000  psi  static  and  dynamic  seals.  Phase  VI  consisted  of  preparations 
for  conducting  an  endurance  test  on  aircraft-type  hardware  designed  for 
use  in  an  8000  psi  hydraulic  system,  Reference  6. 

Phase  VII  was  a 100  hour  endurance  test  conducted  at  8000  psi  and  +200°F 
on  lightweight  hardware  in  a laboratory  hydraulic  system  designed  to  be 
representative  of  aircraft-type  circuitry.  The  hardware  cycled  were:  t 

pump,  relief  valve,  restrictors,  solenoid  valves,  flow  control  valve, 
seals  (22),  hydraulic  fluid  (MIL-H-83282),  tubing,  fittings,  and  hoses. 

The  test  was  completed  wilh  no  major  problems.  This  phase  also  included  ^ 

the  design  and  fabrication  of  an  8000  psi  aileron  actuator  for  the  T-2C. 
airplane,  Reference  T. 

Phase  VIII  involved  preparation-  lor  Might  testing  an  8000  psi  lateral 
control  system  test  installation  on  a t'-2C.  The  major  tasks  were  test 

installation  design,  heat  rejection  analysis,  and  laboratory  compatibility  jj 

tests  of  system  components,  Reference  8. 
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riu'  lightweight  hydraulic  system  development  program  has  shown  that  sig- 
nificant advantages  can  be  gained,  in  terms  of  weight  savings,  reduced 
volume  requirements,  and  lower  overall  costs,  by  operating  at  S000  psi 
instead  of  the  conventional  3000  psi  level. 

1 . 2 OBJECTIVES 

Objectives  of  Phase  IX  of  t lie  LI1S  development  program  were: 

(1)  Replace  the  3000  psi  lateral  control  system  on  a 1' - 2c'.  air- 
plane with  the  8000  psi  system  designed  in  Phase  VIII. 

(2)  Conduct  preflight  checks  on  the  test  installation. 

(3)  Conduct  flight  tests  and  endurance  evaluation  on  the  8000 
psi  system. 

(4)  Confirm  the  feasibility  of  the  LHS  concept  by: 

• Demonstrating  that  prior  analyses  are  valid 

• Proving  that  8000  psi  hydraulic  systems  for  aircraft 
can  be  designed,  fabricated,  and  maintained  without 
special  procedures. 

1 .3  TECHNICAL  APPROACH 

The  test  system  and  hardware  developed  in  prior  phases  of  the  LHS  program 
were  installed  in  a bailed  T-2C  airplane.  (The  T-2C  is  a two-place,  twin 
engine  turbojet  used  for  pilot  basic  training.)  The  existing  hydraulic 
system  was  altered  so  that  the  3000  psi  pump  on  the  right  hand  engine 
powered  only  the  elevator  system,  landing  gear,  arresting  hook,  and  speed 
brakes.  The  3000  psi  pump  on  the  left  hand  engine  was  replaced  with  an 
8000  psi  pump  and  the  3000  psi  aileron  actuator  was  replaced  with  an  8000 
psi  unit.  The  existing  reservoir  and  return  lines  were  common  to  both 
the  3000  psi  and  8000  psi  systems. 

Performance  of  the  test  installation  was  monitored  by  measuring  pertinent 
pressures,  temperatures,  and  flows.  Standard  parameters,  such  as  air- 
speed, altitude,  engine  RPM,  etc.,  were  measured  with  existing 
instrumentation.  Flight  data  were  recorded  on  an  oscillograph  or  a 
photo  recorder  depending  on  the  parameter. 

Preflight  tests  were  conducted  to  checkout  system  operation  and  instru- 
mentation, and  determine  if  any  destructive  vibration,  hydraulit  resonance, 
or  heat  buildup  occur  under  normal  operating  conditions,  A flight  plan 
was  established  to  evaluate  the  8000  psi  system. 


Eleven  hours  of  flight  time  were  logged  on  the  test  installation  at  various 
altitudes  and  airspeeds.  Pilot  observations  and  instrumentation  data 


were  used  as  a basis  for  evaluating 


system. 
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2.0  T-2C  AIRPLANE 


2. 1 GENERAL  DESCRIPTION 

The  T-2C  "Buckeye"  is  currently  in  production  at  the  Columbus  Aircraft 
Division  (CAD)  of  Rockwell  International.  The  Buckeye  is  a two-place, 
subsonic  trainer  powered  by  twin  turbojet  engines.  The  aircraft  is 
designed  for  both  land  and  carrier  based  operations.  Distinguishing 
features  include  wide-track  tricycle  landing  gear,  straight  tapered 
wings,  and  low  slung  intake  ducts,  Figure  1. 

The  T-2C  is  used  as  a basic  trainer  for  military  pilots,  and  is  equipped 
for  cross-country  flight,  night  flying,  and  low  altitude,  high  speed 
navigation  exercises.  Maximum  level  flight  speed  of  the  Buckeye  is  465 
knots  at  15,000  ft.;  the  service  ceiling  is  45,000  ft.  Takeoff  and  landing 
speeds  are  in  the  range  of  95  to  110  knots.  A typical  takeoff  gross 
weight  is  13,000  lb. 

Dual  power  sources  are  provided  for  the  electrical,  hydraulic,  and  air 
conditioning  systems.  The  flight  control  system  includes  hydraulic 
full-powered  ailerons,  a boosted  elevator,  and  an  electric  trim  system; 
rudder  operation  is  manual.  The  aileron  and  elevator  actuators  are  part 
of  mechanical  linkage  connecting  the  pilot's  stick  to  the  control  surfaces. 
Thus,  in  the  event  of  a hydraulic  system  malfunction,  control  of  the 
aircraft  can  be  accomplished  manually. 

2.  2 HYDRAULIC.  SYSTEM 

The  T-2C  has  a 3000  psi,  Type  II  (-65  to  +275°F),  single  hydraulic  system. 
Two  pumps,  one  on  each  engine,  provide  power  to  operate  the  landing  gear, 
speed  brakes,  arresting  hook,  aileron  actuator,  and  elevator  boost  pack- 
age. The  pumps  are  constant  pressure,  variable  delivery,  axial  piston 
units.  Each  pump  is  capable  of  delivering  4.9  gpm  at  7800  rpm  (8.1  hp). 
Hydraulic  fluid  is  supplied  to  the  pumps  by  an  air/oil  type  reservoir 
pressurized  by  engine  bleed  air.  Fluid  cleanliness  is  maintained  by  5 
micron  absolute  filters.  The  system  is  illustrated  schematically  on 
Figure  2. 

One  pump  can  adequately  handle  all  flow  demands.  However,  if  supply 
pressure  should  drop  below  1800  psi,  a priority  valve  is  used  to  insure 
operation  of  the  aileron  and  elevator  actuators.  A cockpit  controlled 
shutoff  valve  is  installed  in  the  aileron/elevator  sub-system  to  permit 
simulating  loss  of  power  for  training  purposes.  The  landing  gear  and 
arresting  hook  can  be  lowered  and  locked  by  gravity,  if  desired.  The 
wheel  brakes  have  an  independent  hydraulic  system. 
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ACTUATOR 


FIGURE  2 SCHEMATIC  ILLUSTRATION  OF  T-2C  HYDRAULIC  SYSTEM 
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3.0 


8000  PS  I TEST  INSTALLATION 


3. 1 HYDRAULIC  SYSTEM 

The  la  ter, -i  I control  system  in  the  bailed  T-20,  (RuNo.  132  582)  w,<-  mndi- 
f i ed  to  operate  at  8000  psi.  A 3.4  gpm,  8000  psi  pump  on  t lie  No.  I 
engine  powered  an  8000  psi  aileron  actuator;  a 4.9  gptri,  3000  psi  pump 
on  the  No.  2 engine  powered  all  remaining  T-2C  hydraulii  sub-systems. 

The  3000  and  8000  psi  systems  utilized  a common  reservoir  and  common 
return  lines.  The  existing  and  modified  hydraulic  systems  are  compared 
schematically  on  Figure  3.  Major  changes  required  in  the  T-2C  hydraulic 
system  to  accommodate  the  test  installation  are  listed  below: 

• The  3000  psi  hydraulic  pump  on  the  No.  1 (LH)  engine 
was  replaced  with  a GFE  8000  psi  pump. 

• The  T-2C  3000  psi  aileron  power  actuator  was  replaced 
with  the  LHS  8000  psi  actuator  built  in  Phase  VII,  Refer- 
ence 7. 

• 3000  psi  lines  from  the  pump  to  the  aileron  actuator  were 
replaced  with  8000  psi  tubing,  fittings,  and  hoses. 

• A relief  valve  and  solenoid  valve  were  installed  in  the 
8000  psi  system. 

• A heat  exchanger  was  installed  in  the  common  cast’  drain 
line  of  the  two  pumps. 

• MIL-H-5606  fluid  in  the  T-2C  was  replaced  with  MIL-H-832"'2 
fluid. 

The  modified  system  is  shown  schematically  on  Figure  4.  Major  8000  psi 
components  are  listed  in  Table  I.  Component  details  are  described  in 
Reference  8. 

The  general  location  of  the  test  installation  is  shown  on  Figure  5.  rtu 
8000  psi  lines  followed  identical  routing  of  the  original  3000  psi  lines 
to  a compartment  aft  of  a fuel  cell  and  above  the  engines  where  all  LHS 
components  were  located  except  the  pump.  Plumbing  details  are  given  in 
Figure  6.  A view  of  plumbing  in  the  aft  fuselage  compartment  is  shown 
on  Figure  7.  Photographs  of  the  8000  psi  pump  and  aileron  actuator 
installations  are  presented  as  Figures  8 and  9. 

A thermal  analysis  performed  in  Reference  8 indicated  a heat  exchanger 
would  be  required  for  hot  weather  ground  operations.  This  was  primarily 
the  result  of  (1)  the  small  surface  area  and  volume  of  the  8000  psi 
system,  and  (2)  the  oversize  8000  psi  pump.  The  8000  psi  pump  can  delive 
15,5  hp,  whereas  one  T-2C  pump  delivers  8.1  hp  maximum. 
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'Oil  Hot" 
Switch 


i ~|  System  Fill 


LATERAL  SYSTEM 
TEST  INSTALLATION* 


LH  Pump 
(8000  psi) 


TABLE  I 

LIST  OF  8000  PS  I COMPONENTS 


PART  NUMBER 

DESCRIPTION 

MANUFACTURER 

AP1V-106 

Variable  displacement 
pump 

Aerospace  Division 
of  Abex  Corporation 

4257-01 

Aileron  power 
actuator 

Columbus  Aircraft 
Division  of 
Rockwell  International 

1180A 

Hydraulic  relief 
valve 

PneuDraul ics , Inc. 

15390-1 

Shut-Off 

valve 

Sterer  Engineering  & 
Manufacturing  Co. 

37404004-0264C 

Hose 

Titeflex  Division  of 
Atlas  Corporation 

R44598-0310 

Hose 

Resistoflex  Corporation 

21-6-9  CUES 

Tubing 

Trent  Tube  Division 
of  Colt  Industries 

Dynatube  Series 

Fittings 

Resi stof lex 
Corporation 

MIL-H-83282 

Hydraulic  Fluid 

Royal  Lubricants  Co. 

NOTE: 


8000  psi  instrumentation  is  not  included  in  this  listing,  refer- 
ence Section  3.2. 
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INSTRUMENTATION 
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The  balled  T-2C  is  equipped  with  several 
Two  were  used  in  the  LHS  program:  (1)  a 
system;  and  (2)  a 21  hole  photo  recorder 
was  located  in  the  aft  seat  area,  Figure 
was  installed  inside  the  nose,  Figure  11 


flight  data  acquisition  systems, 
50  channel  oscillograph  recorder 
system.  The  oscillograph  system 
10;  the  photo  recorder  system 


Pilot  instrumentation  controls  are  located  above  the  cockpit  instrument 
panel  and  on  the  control  stick,  Figure  12.  Data  in  the  two  recording 
systems  is  related  by  means  correlator  numbers  printed  on  the  photo 
recorder  film,  and  correlator  blips  on  the  oscillograph  film.  A cor- 
relator counter  is  read  by  the  pilot  for  reference  purposes. 

Existing  instrumentation  in  the  aircraft  are  listed  below.  Although 
several  of  these  parameters  were  not  directly  applicable  to  the  LHS 
program,  they  were  retained  in  an  active  status. 


OSCILLOGRAPH  RECORDER 

PHOTO  RECORDER 

1. 

OAT 

1. 

Airspeed 

2. 

Correlation 

2. 

A1 ti tude 

3. 

Pilot's  marker 

3. 

Pilot's  marker 

4. 

Angle  of  pitch 

4. 

Time 

5. 

Angle  of  bank 

5. 

Frame  counter 

6. 

Rate  of  roll 

6. 

Angle  of  attack 

7. 

Normal  acceleration  at  CG 

7. 

Angle  of  sideslip 

8. 

Longitudinal  stick  position 

8. 

Fuel  used,  L/R 

9. 

Lateral  stick  position 

9. 

EGT,  L/R 

10. 

Rudder  position 

10. 

RPM,  L/R 

11. 

L/R  aileron  position 

11. 

Fuel  temperature,  L/R 

12. 

Elevator  position 

New  instrumentation  added  specifically  for  the  LHS  program  are  listed 
on  Table  II.  Operating  range,  accuracies,  and  response  capabilities  are 
also  listed. 

New  equipment  installed  to  permit  the  pilot  to  monitor  the  status  of  the 
8000  psi  system  were: 


• An  indicator  was  provided  for  direct  readout  of  system  pressure 
downstream  of  the  aileron  actuator  shutoff  valve. 


An 

"oil 

hot” 

the 

8000 

psi 

A swi tch 

was 

light  was  set  to  operate  when  hydraulic  fluid  in 
pump  suction  line  exceeded  approximately  +200°F. 

provided  to  operate  the  aileron  actuator  shutoff  valve. 
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Speed 


. <0  1 
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1 tO 

-t.  0 PRKFLICHT  CHECKS 


I IIANCAK  I’ESTS 

1 1 \ ill  .mi  I it  Fluid  Con  1 .1111  i n.  1 1 ion 


Tlio  hydraulic  system  originally  contained  Ml  L-ll-  )60(>  (red)  fluid.  ihi 
was  removed  and  replaced  with  MlL-H-83282  (amber)  "It:  s I 1 .r..:i,ab  1 c"  tluid. 
The  changeover  was  accomplished  by  flushing  tin  system  with  MIL-11  — -32^2 
until  a satisfactory  fluid  color  was  attained.  Procedure  details  an 
given  in  Appendix  A.  All  sub-systems  were  cycled  in  a planned  scqucnci 
to  achieve  optimum  flushing  action  with  minimum  introduction  of  air.  A 
service  ground  cart  supplied  the  MIL-H-83282  fluid  and  pressure  neccc.ar\ 
for  the  flushing  operation. 

Although  the  system  was  flushed  thoroughly,  it  was  not  possible  to  rctoie 
all  traces  of  MIL-H-5606.  The  amount  of  MII.-H-5o0o  remainin.  wa  < t i ; sled 
to  be  about  67„.  This  determination  was  made  with  a Bausch  A loud)  optical 
co 1 or i meter . 

Particulate  contamination  was  based  on  a 100  cc  sample  taken  I m;  t hi 
return  line,  reference  Figure  a.  Part  i culat  e s i .:e  and  |uant  ' ty  wi  : 
measured  with  a HI  AC  automatic  particle  counter.  The  result.-  art  :\«.i 

he  low: 


MICRON  SIZE  RANG! 


5-10 

10-25 

25-50 

50-100  i(»0r 

Maximum  Number 

87,000 

2 l , 400 

51  30 

4 30  s 1 

(Class  5) 

T-2C  BuNo.  152382 

23,438 

2 , 486 

106 

1 2 0 

(after  flushing) 

NAVAIR  01-IA-17  Class  5 requirements  arc  applicable  to  the  T ■ . fne  i. 
tamination  level  measured  was  equivalent  to  a Class  3. 

A patch  test  was  run  on  fluid  poured  from  the  filter  howl  in  the  'One  p 
pump  case  drain  line.  A significant  number  of  1 irge,  grev  ivlored  i.cl.iM  i 
chips  were  observed.  This  was  considered  to  be  normal  i Itannp  1.  r i.i  ■ i\ 
fabricated  system. 

Leak  Checks 


The  8000  psi  portion  of  the  test  installation  wa  pre-suri/td  with  . i . . 
gpm,  10,000  psi  power  supply  containing  an  adjusiahli  re  l i i t valvt,  Appmdix 
A.  The  aileron  actuator  was  operated  at  8000  psi;  no  external  liak.i  > v%.t 
found.  Pressure  was  increased  sufficiently  to  operati  the  \ - 1 i ■ ri  I ii  t 
valve  (8800  to  0000  psi).  No  leakage  or  malfunctions  were  otwrved. 

The  5000  psi  system  was  pressurized  with  a service  ground  earl  and  ill 
subsystems  were  operated.  Minor  leaks  were  founil  and  corrci lid. 


System  Operation 


The  aileron  system  was  operated  at  8000  psi  by  hangar  personnel  familiar 
with  the  stick  feel  of  the  3000  psi  aileron  system.  There  was  no  sig- 
nificant difference  between  the  operation  or  feel  of  the  two  systems. 

The  3000  psi  subsystems  were  powered.  Operation  of  the  landing  gear, 
elevator  actuator,  speed  brakes,  and  arresting  hook  was  normal. 

Heat  Exchanger  Tests 

The  heat  exchanger  blower  motor  was  energized  with  400  cycle,  3 phase, 

110  volts;  operation  was  satisfactory.  A suction  of  4.25  in.  of  water 
below  atmospheric  pressure  was  measured  inside  the  blower  inlet  duct 
near  the  opening  on  the  side  of  the  aircraft.  Air  pressure  buildup 
within  the  fuselage  (all  access  doors  closed)  was  determined  to  be  0.01 
in.  of  water  above  atmospheric.  The  suction  and  fuselage  pressure 
values  were  satisfactory. 

Instrumentation  Checks 

8000  psi  was  applied  to  the  test  installation.  The  cockpit  pressure 
gage  was  observed  to  read  7900  psi  with  hydraulic  power  switched  "on" 
and  zero  pressure  with  power  "off".  This  test  confirmed  satisfactory 
operation  of  the  pressure  indicator  and  the  shutoff  valve  hookup. 

Conventional  instrumentation  procedures  were  followed  in  calibrating  and 
checking  out  the  8000  psi  pressure  transducer,  case  drain  line  flow  meter, 
and  thermocouples. 


4.2 


RAMP  TESTS 


Resonance  Search 

This  test  was  conducted  to  determine  if  destructive  vibrations  or  hydraulic 
resonances  occur  in  the  8000  psi  system  under  normal  operating  conditions. 
The  engine  access,  hydraulic  reservoir,  and  plumbing  compartment  doors  were 
open  to  permit  visual  inspection  of  hydraulic  system  lines  during  the 
resonance  search.  Procedure  details  are  given  in  Appendix  A. 


Both  engines  were  started 
fluid.  The  heat  exchanger 
Outside  air  temperature  wa 
the  8000  psi  pump  suction 
The  instrumentation  record 
switched  "on"  the  aileron 
slowly  increased  from  487. 
down.  The  recorders  were 
with  hydraulic  power  "off' 


and  run  at  7 57.  power  to  warm  up  the  hydraulic 
blower  was  turned  off  to  decrease  warm-up  time, 
s +43°F.  After  15  minutes  of  running,  fluid  in 
line  reached  +142°F.  Both  engines  were  shutdown, 
ers  were  turned  on.  With  hydraulic  power 
actuator,  engine  No.  1 was  started  and  speed  was 
(idle)  to  1007.  then  from  1007.  to  487.  and  shut 
then  turned  off.  This  procedure  was  repeated 
the  aileron  actuator. 


No  destructive  plumbing  vibrations  were  observed  during  the  resonance 
search.  Examination  of  the  oscillographic  data  disclosed  no  hydraulic 
resonance  at  any  engine  speed.  The  maximum  pressure  oscillations  recorded 
were  less  than  200  psi  peak-to-peak . The  test  installation  was  considered 
to  be  unusually  quiet  with  respect  to  pressure  fluctuations  normally 
associated  with  pump/system  interaction.  Composite  oscillographic  records 
of  the  resonance  search  are  presented  on  Figure  13. 
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Pressure  Surge  Teat 

Engine  No.  1 was  started  and  run  up  to  a power  setting  of  (cruise). 

The  recorders  were  turned  on.  The  aileron  actuator  hydraulic  powei 
switch  was  then  operated  "on"  and  "off"  three  limes.  With  the  swiuh 
"on",  the  ailerons  were  operated  full  up  to  full  down  three  limes  .1 
fast  as  possible.  Peak  pressures  generated  by  these  tests  were  bAOO  p i 
when  switching  to  power  "off",  and  8100  psi  during  fast  operation  of 
the  ailerons,  Figures  14  and  15.  These  surges  were  well  below  the  1207o 
maximum  allowable  (9600  psi),  Reference  4. 

Simulated  Flight 

This  test  was  conducted  to  simulate  a one  hour  flight  from  takeoff  to 
landing,  and  provide  a means  to  final  check  hydraulic  system  operation 
and  instrumentation.  Engine  speed  and  pilot  stick  inputs  were  varied  to 
simulate  actual  flight.  Test  details  are  given  in  Appendix  A. 

The  heat  exchanger  blower  was  "on"  and  all  access  doors  were  closed  for 
the  hour  long  run.  Air  temperatures  in  the  aft  fuselage  bay  (fore  and 
aft)  were  monitored  with  a potentiometer  external  to  the  aircraft.  Both 
engines  and  both  hydraulic  systems  were  run.  A summary  of  the  "flight" 


is  given  below: 

Description 

Engine  Speed,  7.  MRT 

Duration, 

System  Checkout  & 

487. 

10 

Taxi  out 

Takeof  f 

1007. 

4 

Cruise  & Maneuver 

80  to  1007. 

36 

Landing  & Taxi  In 

487. 

10 

Temperature  Soak-out 

0 

20 

Outside  air  temperature  was  +44°F;  aft  fuselage  bay  air  averaged  +70 
to  80°F  during  the  run.  Hydraulic  fluid  temperatures  peaked  just  prior 
to  the  807.  MRT  portion  of  the  "flight"  when  the  8000  psi  pump  suction 
temperature  reached  +141°F  and  the  case  drain  temperature  +200°F.  The 
temperature  soakout  produced  only  decreasing  temperatures.  Photo- 
recorder  and  oscillograph  data  are  summarized  on  page  31. 

Pressure  surges  resulting  from  rapid  lateral  system  operation  were  under 
120  psi;  pump  ripple  was  approximately  160  psi  peak-to-peak . These  values 
were  considered  to  be  very  good. 

Pump  discharge  pressure,  as  indicated  by  the  oscillograph  trace  and 
cockpit  gauge,  was  over  8000  psi;  this  was  an  erroneous  indication 
caused  by  instrumentation  drift.  The  pressure  transducers  (15,000  psi, 
Standard  Controls  M/N  211-35-000)  were  suspected,  because  stringent 
temperature  compensation  requirements  were,  not  imposed  --  for  economic 
reasons  --  during  their  procurement  seven  years  ago. 


27 


NOTE: 


ENGINE 

POWER 

SETTING 


Pressure  transducer  located  upstream  of  aileron  actuator  shut-off  valve 
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FIGURE  13 


HYDRAULIC  RESONANCE  SEARCH 


LH  Aileron 
Position 


FIGURE  15  PRESSURE  SURGE,  FULL  LATERAL  INPUT 
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5.0  FLIGHT  TESTS 
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5. 1 FLIGHT  PLAN 

The  primary  objective  was  to  provide  further  evidence  of  the  feasibility 
of  the  LHS  concept  by  flight  testing  an  8000  psi  hydraulic  control  system. 
Demonstration  of  flying  qualities  was  not  part  of  the  program,  however 
pilot  comments  were  encouraged. 

Ten  flight  hours  were  expected  to  be  sufficient  to  attain  a measure  of 
confidence  in  LHS  performance  and  reliability.  Thus,  secondary  objectives 
were  to  show:  (1)  the  endurance  capability  of  the  8000  psi  system,  although 

not  thoroughly  proven  at  this  time,  was  satisfactory  as  predicted  by  prior 
analyses  and  laboratory  testing;  and  (2)  that  pilot  reaction  toward  the 
system  was  favorable. 

The  flight  plan  was  designed  to  determine  lateral  control  characteristics 
at  several  altitudes  up  to  30,000  ft.  and  various  speeds  up  to  400  knots. 

The  first  two  flights  were  dedicated  to  confirming  satisfactory  operation. 
Subsequent  flights  were  scheduled  to  evaluate  system  endurance  while 
accumulating  10  flight  hours.  Several  pilots  were  utilized  to  permit  differ- 
ing opinions  on  performance.  Flight  plan  details  are  given  in  Appendix  A. 

5. 2 RESULTS 

The  test  flights  and  flight  durations  are  summarized  on  Table  III.  Flight 
1 was  terminated  approximately  midway  (at  15,000  ft.)  when  the  left  engine 
compressor  fire  warning  light  illuminated;  a safe  landing  was  made.  An 
investigation  resulted  in  the  conclusion  that  hot  air  leaks  caused  the 
false  indication.  Two  seals  and  two  check  valves  were  replaced  in  the  T-2L 
heal  and  vent  system,  and  a ground  run  was  made  with  satisfactory  result  . 
Flight  2 was  terminated  when  the  same  fire  warning  light  came  on  at  16,000  ft. 
during  the  initial  climb  to  20,000  ft.  Further  ground  checks  disclosed  an 
intermittent  electrical  short  in  the  fire  warning  system.  This  was  cor- 
rected and  all  subsequent  flights  were  incident  free.  (Tasks  originally 
scheduled  for  Flight  2 were  shifted  to  Flight  3.) 

Four  pilots  participated  in  the  flight  program.  Reports  were  written  by 
each  pilot  detailing  the  flights.  Additional  comments  were  made  verbally 
during  flight  de-briefings.  All  agreed  that  performance  of  the  8000  psi 
test  installation  was  completely  satisfactory;  no  malfunctions  occurred. 

Each  pilot  stated  that  operation  of  the  8000  psi  system  was  very  similar 
to  the  T-2C  3000  psi  lateral  system,  and  that  any  differences  noted  were 
minor  --  well  within  tolerances  for  the  3000  psi  system.  General  comments 
made  by  the  pilots  regarding  the  8000  psi  system  were: 
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• Lateral  control  system  operation  was  normal 

• Power-on  breakout  forces  were  low 

• System  pressure  was  stable  even  with  large  slick  input 

• The  system  was  slightly  more  responsive  around  neutral 

• The  lateral  control  force  gradient  was  slightly  steeper 

• System  pressure  indication  decreased  slightly  with  altitude 

• Power-off  forces  were  slightly  higher 

• Engine  windmilling  could  provide  sufficent  pressure 

to  operate  the  ailerons 

Instrumentation  drift  caused  the  cockpit  gauge  and  the  oscillograph  trace 
to  indicate  system  pressures  slightly  below  8000  psi.  Fluid  and  air 
temperatures  were  lower  during  the  flights  than  during  the  ground  runs  when 
the  drift  was  upward,  reference  Section  4.2. 

The  T-2C  lateral  control  system  artificial  feel  bungee  was  responsible  for 
the  slightly  higher  lateral  force  gradient  noted  by  the  pilots.  The  bungee 
force  was  measured  after  completion  of  flight  testing  and  found  to  be  239 
lb.  at  2.1  in.  deflection;  the  drawing  tolerance  was  221  + 18  lb.  at  2.1  in 

Flight  test  data  are  given  on  pages  35,  36,  and  37.  Case  drain  fluid 
temperatures  of  both  the  3000  psi  and  8000  psi  pumps  were  generally  less 
than  +190°F  and  within  10°F  of  each  other.  Pump  inlet  fluid  temperatures 
were  in  the  range  of  +100  to  +130°F.  Fluid  temperature  decrease  through 
the  heat  exchanger  averaged  20  to  25°F.  All  fluid  temperatures  were  con- 
sidered to  be  nominal. 

Internal  leakage  of  the  8000  psi  pump  depended  on  operating  conditions  and 
generally  ranged  from  0.50  to  0.69  gpm.  These  values  agree  with  those 
obtained  in  the  laboratory,  Reference  8. 

Oscillograph  data  covering  various  flight  maneuvers  and  altitudes  are 
presented  in  Figures  16  through  21.  The  maximum  pressure  surge  occurred 
when  lateral  system  power  was  switched  from  "off"  to  "on";  the  pressure 
overshoot  was  800  psi.  The  maximum  surge  observed  during  lateral  .y-tv 
"power  on"  operation  was  120  psi.  These  pressure  surges  were  well  below 
the  1600  psi  (1207,,)  maximum  allowable,  Reference  4. 

Fluid  particulate  contamination  decreased  as  flight  time  was  accumulat'd, 
and  after  10.3  flight  hours  was  equivalent  to  a NAVA1R  Class  2,  page  44 
and  Figure  22.  This  low  level  of  contamination  was  evidence  of  minimal 
pump  wear  and  excellent  fluid  lubricity. 

There  was  no  external  leakage  at  any  plumbing  joint  in  the  s000  psi 
system.  Except  for  normal  slight  wetting,  there  was  no  external  leakaci 
around  the  8000  psi  pump  shaft  seal  or  the  aileron  actuator  piston  rod 
seal.  No  leakage  occurred  at  the  8000  psi  hoses. 


TABLE  III 


LHS  OPERATING  TINE 


LHS  FLIGHT 

DESCRIPTION 

PILOT 

TIME, 

HRS 

REMARKS 

GROUND 

FLIGHT 

Ground  Run 

-- 

0.3 

-- 

Initial  run-up  stopped  due 
to  leak  in  3000  psi  system 

Ground  Run 

-- 

0.6 

-- 

Preliminary  resonance 
survey 

Ground  Run 

~ - 

1.3 

— “ 

Resonance  survey,  pressure 
surge  test,  and  simulated 
flight 

1 

T-2C  Fit  #599 

Cockburn 

0.1 

0.6 

Flight  terminated  due  to 
fire  warning  light 

Ground  Run 

-- 

0.6 

-- 

Checkout  test  to  find  cause 
of  false  fire  warning 

Ground  Run 

-- 

0.4 

-- 

Test  to  verify  fix 

2 

T-2C  Fit  #600 

Lane 

0.1 

0.3 

Flight  terminated  due  to 
fire  warning  light 

Ground  Run 

-- 

0.2 

-- 

Test  to  verify  fix 

3 

T-2C  Fit  #601 

Lane 

0.1 

1.1 

Check  out  LHS  operating 
characteristics 

4 

T-2C  Fit  #602 

Cockburn 

0.1 

1.5 

System  Endurance  Evaluation 

5 

T-2C  Fit  #603 

Cockburn 

0.1 

1.2 

System  Endurance  Evaluation 

6 

T-2C  Fit  #604 

Cockburn 

0.4 

1.1 

System  Endurance  Evaluation 

7 

T-2C  Fit  #605 

Wenzel  1 

0.1 

1.5 

System  Endurance  Evaluation 

8 

T-2C  Fit  #606 

Gi 1 lespie 

0. 1 

1.5 

System  Endurance  Evaluation 

9 

T-2C  Fit  #607 

Wenzel  1 

0.1 

1.5 

System  Endurance  Evaluation 

•k 

T-2C  Fit  #608 

Cockburn 

0.1 

.4 

Transponder  performance  test 

* 

T-2C  Fit  #609 

Cockburn 

0.1 

.8 

Transponder  performance  test 

Totals 

4.8 

11.5 

♦These  flights  were  made  after  completion  of  LHS  flight  testing,  hut  before  removal 
of  the  8000  psi  test  installation  and  restoration  of  the  3000  psi  lateral  control 
system. 
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A milestone  has  been  achieved  in  the  development  of  aircraft 
hydraulic  systems  --  an  8000  psi  operating  pressure  was  used  for  tl 
first  time  to  control  the  flight  of  an  airplane.  No  problems  what- 
soever were  encountered  with  the  test  installation.  The  system 
functioned  exceptionally  well  and  pilot  response  was  favorabLe. 
Successful  completion  of  this  project  corroborated  prior  analyses  and 
laboratory  investigations.  The  relative  ease  with  which  the  flights 
were  made  coni irmed  that  lightweight  hydraulic  systems  can  be  designed, 
fabricated,  and  maintained  without  special  techniques  or  state-of-the- 
art  advances.  These  results  fulfill  the  analyses  and  data  requirements 
needed  to  progress  from  the  current  "exploratory  phase"  of  the  LHS 
program  to  the  "advanced  development  phase."  This  new  phase  will  bring 
the  potential  benefits  of  using  8000  psi  hydraulic  systems  in  military 
aircraft  another  step  closer  toward  realization. 

The  following  is  a discussion  covering  important  subjects  relative 
to  the  use  of  8000  psi  hydraulic  systems  in  military  aircraft.  The 
information  presented  was  developed  in  the  LHS  program  and  is  given 
here  to  disseminate  current  knowledge  about  various  aspects  of  the 
LHS  concept. 

PUMP  HEAT  REJECTION  AND  ENDURANCE 


Overall  efficiency  levels  of  conventional  3000  psi,  variable  delivery, 
aircraft-type  pumps  generally  range  from  85  to  927.  at  full  flow, 
depending  on  operating  conditions.  The  8000  psi  pumps  developed  for 
the  LHS  program  have  overall  efficiency  levels  of  85  to  917.,  References 
5 and  8.  When  discharge  flow  is  zero  (at  full  cutoff),  overall  efficiency 
is  zero.  Pump  heat  rejection  near  full  cutoff  is  a principal  cause  of 
fluid  temperature  rise  in  aircraft  hydraulic  systems. 

Heat  rejection  rates  of  the  3000  psi  and  8000  psi  pumps  used  in  the  T-2C 
test  installation  may  be  compared.  Both  units  were  de-stroked  versions 
of  larger  models.  Basic  information  and  flight  test  data  are  given  below: 


BASIC  INFORMATION 


PUMP 

RATED 

DISCHARGE 

DISPLACEMENT.  CIPR 

OUTPUT 

POWER,  HP 

M/N 

SPEED,  RPM 

PRESS, PS IG 

ACTUAL  MAX . 

ACTUAL 

MAX. 

PV3-022-  1 4 

7800 

2850 

.145  .220 

8.14 

12.35 

(Vickers) 

AP1V-106 

7800 

7850 

.100  .121 

15.48 

18.73 

(Abex) 

FLIGHT 

TEST  DATA 

(Flight  9,  Run  3,  Ref.  p.37) 

PUMP 

SPEED, 

PUMP  CASE 

FLUID  TEMP.,  0 F 

HEAT 

REJECTION, 

M/N 

RPM 

FLOW,  GPM 

INLET  CASE 

BTP/Min. 

PV3-022-  1 4 

7400 

0 . 3( es  t ) 

+120  +186 

70 

AP IV- 106 

7400 

0.68 

+120  +187 

168 

46 
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If  the  3000  psi  pump  had  the  same  power  output  as  the  8000  psL  uni l, 
heat  rejection  would  increase  to  approximately  115  BTU/min.  Heat 
rejection  of  the  8000  psi  pump  should  be  viewed  from  the  standpoint 
of  development;  the  LHS  pump  was  the  first  of  its  type  ever  built. 

Minor  design  changes  could  be  incorporated  to  lower  heat  rejection. 

For  example,  stroking  piston  leakage  could  be  reduced  without  adversely 
affecting  pump  stability;  a savings  of  approximately  40  BTU/min  was  esti- 
mated. This  change  alone  would  lower  heat  rejection  to  128  BTU/min. 
Upgrading  performance  through  such  design  improvements  is  a normal 
procedure  in  the  development  of  any  pump.  Full  development  of  LHS 
pumps  should  result  in  heat  rejection  rates  comparable  to  those  in 
similar  sized  3000  psi  units. 

Military  aircraft  pumps  are  expected  to  have  a life  of  750  hours  (MIL-P- 
19692B).  The  endurance  capability  of  8000  psi  pumps  must  be  comparable 
to  3000  psi  units  to  be  acceptable.  Full  scale  endurance  testing  of  an 
8000  psi  pump  has  not  yet  been  accomplished,  however,  a significant 
number  of  hours  have  been  accumulated  during  the  course  of  LHS  hardware 
development  testing. 

Two  variable  delivery  models  have  been  built  by  Abex  Corporation  for  the 


LHS  program: 

Quanti ty 

Mode  1 No  . 

Rated  Performance 

3 

AP6V-57 

14  gpm  at  7850  psi  A.  4000  r 

pit 

1 

AP1V-106 

3.4  gpm  at  7850  p^i  A 7800 

rPn 

Both  models  were  developed  from  existing  hardware.  No  effort  wa  made  to 
minimize  weight;  cost  was  a primary  concern.  Total  operating  time  (as  ol 
1 January  1977)  on  the  pumps  is  summarized  below: 


M/N 

Total  Accumulated 
Running  Time,  Hrs 

Testing 
Condut  ted 

AP6V-57,  #1 

216 

CAD 

AP6V-57,  #2 

106 

CAD 

AP6V-57,  #3 

500  (Approx.) 

NADC 

AP1V-106 

70 

CAD 

A total  of  approximately  900  hours  have  been  accumulated  on  8000  pi 
pumps  thus  far.  No  major  problems  have  been  encountered;  the  level  ol 
performance  has  been  excellent,  considering  their  stage  of  development. 
Pump  endurance  is  not  expected  to  produce  any  serious  difficulties,  in  < 
operating  characteristics  have  been  very  similar  to  those  of  3000  p-  i 
units. 
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CONTROL  VALVE  INTERNAL  LEAKAGE  CHARACTERISTICS 

Throe  8000  psi  spool/sleeve  type  control  valves  have  hoen  huilt  for  the 
LI  IS  program.  Standard  design  procedures  and  conventions 1 fabrication 
techniques  wore  used  in  their  manufacture.  Spool/sleeve  diametral 
clearances  were  in  the  range  of  0.0002  to  0.0003  in.  (total);  this 
clearance  is  common  in  3000  psi  valves.  Design  features  and  power 
losses  in  two  valves  are  given  below: 


P/N  4212-03-11 

P/N  4257-05 

Spool  diameter,  in. 

0.250 

0.250 

Spool  travel  (rated), 

in. 

+0.086 

+0.056 

Design  overlap , in. 

+0.0025 

+0.003 

Flow  control  orifice 

type 

Shovel  notches 

’V'  notches 

Rated  flow,  gpm 

4.0 

0.25 

Null  leakage,  cc/min 
(+1 10°F  inlet  fluid, 

125 

90 

MIL-H-83282) 

4 

Null  power  loss,  hp 

0.15 

.11 

the  power  losses  noted  above  compare  favorably  with  losses  in  3000 
psi  valves  with  similar  horsepower  ratings.  The  increase  in  fluid 
viscosity  with  pressure  appears  to  have  a beneficial  effect  on  leakage 
through  smalt  clearances  in  8000  psi  units.  Orifice  erosion  has  been 
negligible.  Performance  of  the  LHS  control  valves  has  been  completely 
satisfac  tory . 

FLUID  TEMPERATURE 

Hydraulic  systems  generate  heat  because  it  is  impossible  to  convert  all 
input  power  into  useful  work.  Thus,  hydraulic  systems  normally  operate 
at  temperatures  above  ambient.  Temperature  stabilization  is  reached 
when  the  heat  loss  rate  equals  the  generation  rate(input  power  minus  output 
work).  Fluid  temperatures  must  be  maintained  within  the  fluid  temperature 
envelope  to  prevent  thermal  breakdown  of  the  fluid  and  seals.  For  Type 
II  systems  the  maximum  temperature  is  +275°F  (MIL-H- 5440 ) ; for  Type  111 
systems  itis+390°F  (MIL-H-889 1 ) . If  heat  dissipation  through  conduction, 
radiation,  and  convection  is  not  sufficient  to  maintain  reasonable  fluid 
temperatures,  then  a heat  exchanger  is  required.  A hydraulic  system  must 
be  designed  so  that  a heat  balance  is  achieved  at  a satisfactory  operating 
temperature. 

The  principal  sources  of  heat  generation  in  hydraulic  systems  are: 

1.  Pump  and  valve  internal  leakage 

2.  Orifices  and  valves  used  to  throttle  and  control  flow 

(These  devices  are  inherent  heat  generators) 

3.  Resistive  pressure  drops  in  lines,  fittings,  and  porting 

passageways 
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The  principal  means  of  heat  dissipation  are: 

1.  Conduction  from  hydraulic  system  components  through  attach- 
ments into  aircraft  structure 

2.  Convection  aided  by  air  flow  around  surface  areas  of  system 
components 

3.  Radiation  from  system  components 

Since  operating  temperatures  are  related  directly  to  the  ability  of 
the  system  to  dissipate  heat,  cooling  requirements  will  be  somewhat 
greater  due  to  the  inherent  compactness  and  reduction  in  exposed  area 
of  8000  psi  systems  (assuming  3000  psi  and  8000  psi  pump  efficiencies 
are  the  same).  Smaller  fluid  volume  in  8000  psi  systems  will  also 
contribute  toward  higher  temperatures.  Therefore,  8000  psi  systems 
must  be  carefully  designed  so  that  maximum  fluid  temperatures  are 
within  the  fluid  temperature  envelope. 

ACTUATOR  DYNAMIC  SEAL  LIFE 

Four  (4)  8000  psi  servo  actuators  have  been  designed  and  built  by 
CAD,  Table  IV.  Two  of  the  units,  P/N  4212  and  P/N  4257,  were  for 
the  LHS  program.  P/N  4248  and  P/N  4262  were  for  the  Advanced 
Flight  Control  Actuation  System  ( AFCAS ) program,  References  9 
through  12. 

Each  actuator  has  a three  piece,  split  ring,  metallic  piston  seal. 

The  rod  seals  are  two-stage.  The  first  stage  (high  pressure)  is 
a five-piece  metallic  seal  in  P/N's  4212,  4248,  and  -*257,  and 
elastomeric  in  P/N  4262.  The  second  stage  is  a standard  0-rin^/ 
backup  ring  configuration.  The  two-stage  design  minimizes  seal 
wear  because  the  first  stage  is  well  lubricated  and  the  second 
stage  operates  at  return  pressure. 

A 100  hour  endurance  test  was  conducted  on  the  seals  at  8000  psi 
and  +200°F,  Reference  7.  A total  of  440,000  piston  oscillations 
were  completed;  seal  performance  was  satisfactory.  An  additional 
100  hours  of  testing  is  scheduled  for  the  near  future.  The  endur- 
ance capability  of  the  metallic  piston  seal  was  judged  to  be  very 
good.  Life  expectancy  of  the  two-stage  rod  seal  is  anticipated 
to  be  satisfactory,  however  additional  testing  is  required  to 
determine  its  potential. 
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8000  PSI  ACTUATORS  DESIGNED  AND  BUILT  AT 


ACTUATOR  STIFFNESS 


Weight  savings  produced  by  operating  at  8000  psi  instead  of  8000 
psi  begins  with  smaller  net  areas  on  actuator  pistons.  Lower 
flow  demand  because  of  less  displaced  fluid  results  in  a general 
decrease  in  the  size  of  supply  lines,  pumps,  reservoirs,  etc. 

Use  of  a smaller  piston  area,  however,  reduces  actuator  physical 
stiffness  which  in  turn  lowers  system  resonant  frequency. 

Mechanical  elements  which  contribute  to  physical  stiffness  include 
bearings,  piston/rod,  cylinder,  and  actuator  end  pieces;  hydraulic 
elements  are  the  fluid  and  seals.  Based  on  practical  experience, 
it  has  been  found  that  actuator  physical  stiffness  is  approximately 
equal  to  the  stiffness  of  the  fluid  column.  Thus, 


Kf 


Mi  At\ 

S 


Where,  = Stiffness  due  to  fluid  compressibility 

(actuator  piston  at  mid-stroke) 

/3 f = Bulk  modulus  of  fluid  (taken  at  one-half 
system  pressure  (approximately  157«  higher 
at  4000  psi  than  at  1500  psi) 

A = Piston  net  area 

S = Piston  Stroke  (total) 

T\  = Ratio  of  fluid  volume  swept  by  the  piston  to  the  total 
fluid  volume  contained  between  the  piston  and  control 
valve,  typically  between  0.85  and  0.95  for  an  integrally 
mounted  valve. 


In  a practical  hardware  installation,  the  actuator  backup  structure, 
the  actuator,  and  the  control  surface  are  three  significant  springs. 
Control  surface  inertia  is  the  only  significant  mass.  The  three 
springs  are  in  series,  anchored  to  the  aircraft  at  one  end  and 
supporting  the  mass  at  the  other.  If  the  spring  rates  of  each  arc- 
assumed  equal,  then  the  actuator  is  twice  as  stiff  as  the  combined 
structure/surface  spring.  Normally,  however,  the  actuator  is  l h< 
stiffest  spring  in  the  system. 


Physical  stiffness  is  the  composite  effect  of  mechanical  and 
hydraulic  compliant  elements  between  the  actuator  mounting  points. 
Actuator  effective  stiffness  is  due  to  closed  loop  servo  action, 
and  is  related  to  loop  gains  and  control  valve  performance  character- 

i s t i c s , 


K **  K A 
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wlurc  , K - effective  static  stiffness  (atoj  = 0) 

K = control  valve  pressure  gain 

(thi  value  is  approximately  8/3  higher  in  8000  psi 
valves  than  in  3000  psi  valves) 

A = Actuator  piston  net  area 

Frequency  response  te  ts  ui  iruilar  i /ed  "muscle"  actuators  operating 
at  different  pressure  level--  were  . ondu-  ted  in  a rigid  mass  load  fixture  . 
Reference  ).  Damped  natural  fiequenc  ie  observed  were: 


Ac  t ua  tor 

Opera t ing 

Pressure 

Resonant  Fteq 

CAD 

P/N  247  - r>87  1 6 

3000 

psi 

27  Hz 

CAD 

P/N  -*2  12-01 

6000 

psi 

24  Hz 

CAD 

P/N  4212-01 

9000 

P"  ' 

22  Hz 

Performance  charai  teri  ti>  ol  tin  M)00  and  9000  psi  ac  tuators  were 
very  similar  to  the  1000  psi  actuator  for  large  amplitude,  manual-type 
inputs.  For  small  amplitude  inputs,  sue  h as  those  encountered  with 
automatic  control,  response  capabilities  of  the  (>000  and  9000  psi 
actuators  were-  satisfactory  to  10  Hz.  The  reduction  in  resonant 
frequency  noted  above  was  not  considered  critical. 

Although  actuator  physical  stiffness  is  fundamentally  redjc ed  by 
going  to  higher  operating  pressures,  this  is  parti. illy  - tf-'t  by  in 
increase  in  fluid  bulk  modulus.  The  net  change  should  not  degrade 
system  performance  significantly  in  conventional  application--  because 
of  lesser  stiffness  in  mounting  structures.  Furthermore,  control 
techniques  and  devices  are  available  to  offset  effects  caused  by 
reduced  physical  stiffness. 


■■ 
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PRESSURE  SURGES 


Pressure  surges  are  normal  in  aircraft  hydraulic  systems  and  are  an 
important  design  parameter  because  of  their  affect  on  the  fatigue  and 
functional  characteristics  of  system  components.  Surges  result 
primarily  from: 

(1)  Sudden  stopping  of  high  velocity  fluid 

(2)  Sudden  porting  of  high  pressure  fluid  into  a 

chamber  filled  with  low  pressure  fluid 

(3)  Bottoming  of  an  actuator  piston 

(4)  External  energy  derived  from  load  inertia 

When  the  flow  of  a mass  of  fluid  is  suddenly  decelerated  by  a rapidly 
closing  valve,  waterhammer  results;  this  is  usually  the  most  severe 
pressure  transient  encountered  in  hydraulic  circuits.  Assuming  in- 
stantaneous valve  closure,  this  surge  may  be  calculated  by 


AP  = 


Where, 


AP  = Maximum  pressure  rise  above  system  pressure 

V = Fluid  velocity 

P = Fluid  mass  density 

/ = Effective  bulk  modulus 

(fluid  compressibility  + tube  elasticity) 


Pump  response  time  is  also  a factor  causing  surges.  Operation  of  thi 
delivery  control  mechanism  normally  occurs  in  0.050  sec.  or  less,  Thu ■ 
when  a valve  closes,  the  pump  momentarily  continues  to  discharge  fluid 
until  the  control  mechanism  adjusts  to  the  new  flow  demand;  this  can 
result  in  a pressure  overshoot. 

Surges  in  8000  psi  systems  are  less,  percentage-wise,  than  in  3000  p-  i 
systems  because  of: 

• Better  damping  at  8000  psi  due  to  increased  fluid 
vi  scos i ty 

• The  minor  effect  of  operating  pressure  level  on 
waterhammer  magnitude  ( p and/?e) 
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Typical  peak  .'.urges  observed  in  a laboratory  system  designed  and 
operated  to  compare  surges  at  3000  and  8000  psi  are  li  sted  below: 
(References  4 and  3) 


* 


■Sy  s I c-iii  Peak  Pressure  Ove  r slum  1 

3000  psi  3900  psi  1 30% 

8000  psi  9200  psi  115% 

The  maximum  allowable  surge  in  3000  psi  systems  is  1357.,  refer- 
ence MIL-11-5440.  The  maximum  allowable  surge  in  8000  psi  systems 
was  established  at  1207.  in  Reference  4.  The  validity  of  the  1207. 
design  value  has  been  confirmed  by  both  laboratory  and  flight  testing. 

Pump  discharge  pressure  ripple  is  a function  not  only  of  pump  design, 
but  also  of  pump/system  interaction  characteristics.  Ripple  has 
generally  been  less  than  200  psi  peak-to-peak  or  2.57.  in  8000  psi 
systems,  Reference  5.  Ten  percent  ripple  is  allowed  at  3000  psi 
(Mll-P- 19692B ) . 

HYDRAULIC  FLUID  SELECTION 


Lightweight  hydraulic  system  development  testing  was  conducted 
initially  (in  1968)  using  MIL-H-5606,  Reference  2.  This  fluid 
exhibited  poor  shear  stability  due  to  polymeric  additives  employed 
to  improve  its  viscosi ty- tempera ture  coefficient.  MIL-H-27601 
was  used  for  tests  reported  in  References  3 and  4 because  of  its 
excellent  shear  stability.  MIL-H-27601,  however,  is  a high  tempera- 
ture hydraulic  fluid  and  very  viscous  at  low  temperatures.  MLL-H- 
83282  was  subsequently  evaluated  as  a possible  candidate  for  8000 
psi  systems,  References  5,  L3  and  14.  This  fluid  is  rated  for  use 
at  temperatures  from  -50  to  +400°F,  is  shear  stable,  and  less 
flammable  than  MIL-H-5606.  Physical  properties  of  MIL-H-832S2 
are  given  in  Reference  15. 

Shear  stability  is  particularly  important  in  a fluid  required  to 
operate  at  high  pressure  levels.  A non-Newtonian  fluid,  such  as  MIL-H- 
5606,  can  experience  either  temporary  or  permanent  viscosity  losses 
when  it  is  subjected  to  high  shear  rates.  Temporary  losses  occur 
during  laminar  flow.  Permanent  losses  can  result  from  severe  tur- 
bulence, cavitation,  and  large  pressure  drops  across  sharp  edged 
orifices.  These  conditions  can  stress  molecular  chains  to  the  break- 
ing point  resulting  in  a less  viscous  fluid.  At  high  operating  tem- 
peratures, reduced  viscosity  causes  increased  power  losses  due  to 
higher  internal  leakage  rates,  and  increased  wear  due  to  less  lubricity. 

MlL-H-83282  is  a synthetic  hydrocarbon  and  has  exhibited  excellent 
shear  stability  and  lubricity  characteristics  in  tests  conducted  at 
8000  psi  by  CAD  and  the  Naval  Air  Development  Center.  It  is  anticipated 
that  further  testing  should  establish  MIL-H-83282  as  a satisfactory 
fluid  for  lightweight  hydraulic  systems. 
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TUBING  PRESSURE  LOSSES 


Fluid  flow  is  usually  turbulent  in  aircraft  hydraulic  systems.  Under 
turbulent  flow  conditions,  line  losses  at  8000  psi  are  identical  to 
those  at  3000  psi  (for  the  same  flow  rate,  and  tube  I.D.  but  with  2.67 
times  more  horsepower  transmitted),  Reference  4.  Since  8/3  more  pressure 
is  available  at  8000  psi  than  at  3000  psi,  8/3  higher  line  losse-  arc 
permissible  in  8000  psi  systems  without  sacrificing  performance.  There- 
fore, under  normal  operating  conditions,  line  losses  at  8000  psi  are 
less  percentage-wise  than  at  3000  psi.  Typical  pressure  drops  in  tubing 
at  3000  psi  and  8000  psi  are  compared  below,  based  on  a given  horsepower 
level,  15  ft/sec  fluid  velocity  at  3000  psi,  and  using  MIL-H-83282  fluid. 


Operating 

Pressure, 

psi 

Tube 

Size 

Fluid 

Velocity, ft/sec 

Horsepower 
Transmi tted 

% Lo 
per 

ss  of 
Foo  t 

Sys . Pres 
of  Tubin^ 

0°  F 

+100 

°F  +200°, 

3000 

3/8 

x .022 

15 

7.05 

1.33 

.059 

.050 

8000 

1/4 

x .025 

15.4 

7.05 

2.41 

.098 

.041 

3000 

1/2 

x .029 

15 

12.57 

.75 

.034 

.035 

8000 

3/8 

x .038 

12 

12.57 

.86 

.035 

.017 

At  low  operating  temperatures,  the  fluid  in  8000  psi  lines  will  heat 
up  faster  than  in  3000  psi  lines  because  of  the  higher  allowable  pre  urc 
drop.  This  effect  will  reduce  fluid  viscosity,  decrease  losses,  and 
shorten  warm-up  time  in  8000  psi  systems. 

APPLICATION  OF  THE  LtlS  CONCEPT 

Primary  factors  affecting  applicability  are  hydraulic  system  sizt  and 
power  requirements  of  the  aircraft.  In  complex  systems  with  large 
lines  and  long  runs,  significant  reductions  in  tubing  weight  and 
fluid  weight  can  be  realized  by  operating  at  8000  psi.  In  smaller 
systems  using  smaller  lines,  size  reductions  are  limited  by  manufacturing 
and  handling  considerations  such  as  minimum  practical  tubing  diameter 
and  wall  thickness  rather  than  flow  velocity  and  pressure  drop.  Actuator 
in  large  systems  are  generally  big  enough  to  permit  a reduction  in  size 
if  operated  at  8000  psi,  resulting  in  significant  volume  savings. 
Actuators  in  smaller  systems  have  relatively  low  force  outputs  and 
consequently  little  potential  for  volume  reduction.  The  potential 
for  weight  savings  in  pumps  and  reservoirs  depends  primarily  on  the 
degree  of  success  in  decreasing  the  volume  of  actuators  and  line  . 
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It  can  be  concluded  that  if  reductions  in  line  diameters  or  actuator 
sizes  art'  restricted,  weight  savings  achieved  applying  LHS  technology 
will  be  limited.  As  a rule-of-thumb,  if  a hydraulic  system  uses  more 
than  100  lip,  the  full  potential  of  the  LHS  concept  can  be  realized  -- 
'307,.  weight  savings  and  407.  space  reduction.  In  smaller  systems,  weight 
and  space  savings  will  be  less. 

The  space  savings  advantage  provides  a further  benefit  in  the  area  of 
vulnerability.  The  smaller  size  tubing,  actuators,  reservoirs,  etc. 
used  in  8000  psi  systems  have  less  projected  area,  making  them  less 
vulnerable  to  hostile  ground  fire. 

A study  was  conducted  to  assess  the  benefits  of  applying  LHS  technology 
to  helicopter  hydraulic  systems,  References  16  and  17;  among  the  parameters 
evaluated  was  vulnerability.  Using  the  equivalent  singly  vulnerable 
area  approach,  the  8000  psi  system  was  determined  to  be  487.  less  vul- 
nerable than  the  baseline  (CH-47C)  3000  psi  system. 

BASELINE  CRITERIA 


Data  presented  in  this  report  have  been  evaluated  and  judged  to  be  satis- 
factory on  the  basis  of  criteria  developed  in  Reference  4,  engineering 
assessments,  and  pilot  comments.  An  additional  basis  for  evaluation  is 
available  --  results  of  flight  demonstration  testing.  Demonstration 
tests  on  the  3000  psi  hydraulic  system  in  the  T-2  airplane  were  con- 
ducted in  accordance  with  MIL-T-5522  and  reported  in  NA59H-544.  CAD 
report  NA59H-544  was  examined  to  determine  if  any  performance  discrep- 
ancies occurred  in  the  8000  psi  test  installation,  based  on  a comparison 
with  3000  psi  system  performance  data.  All  of  the  data  and  pilot 
appraisals  on  the  8000  psi  system  were  considered  compatible  with  the 
3000  psi  demonstration  test  results. 
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7.0  REC  OMME N DA  T I ON S 


EXPLORATORY  PHASE 


Work  is  nearing  completion  on  the  exploratory  phase  of  the  LIIS  develop- 
ment program;  analyses,  laboratory  investigations,  and  flight  testing 
have  all  been  accomplished  successfully.  Endurance  capabilities  of 
8000  psi  components,  such  as  the  pump,  fluid,  seals,  etc.,  have  been 
determined  on  a limited  basis,  Reference  7.  Additional  testing  would 
provide  important  data  on  the  potential  life  of  these  components.  It 
is  therefore  recommended  that  the  system  used  for  the  100  hour  endurance 
test  reported  in  Reference  7 be  subjected  to  100  additional  hours  of 
endurance  cycling  at  8000  psi  and  +200°F. 

ADVANCED  DEVELOPMENT  PHASE 

Development  of  a new  concept  normally  begins  with  small  scale  exploratory 
investigations  in  which  analyses  and  laboratory  testing  are  conducted 
on  high  risk  areas.  When  the  results  have  produced  a sufficient 
level  of  confidence,  the  program  then  proceeds  into  a larger  scale, 
advanced  development  phase.  Results  of  LHS  flight  testing  were  excel  Ion 
and  significantly  increased  confidence  in  using  an  8000  psi  operating 
pressure  in  aircraft.  All  essential  investigations  have  thus  been  accom- 
plished in  the  exploratory  phase.  Rockwell  International  therefore 
recommends  that  the  LHS  program  progress  into  the  advanced  development 
phase,  Appendix  B. 
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LIST  OF  ABBREVIATIONS 


AFCAS 

A/S 

alt. 

approx. 

BTU/min 

CAD 

cc 

cc/min 

CIPR 

CORR 

CRES 

ECT 

°F 

FRP 

F.S. 

ft. 

f t/ sec 

GCA 

GFE 

gpm 

hp 


Advanced  Flight  Control  Actuation  System 

air  speed 

altitude 

approximately 

British  Thermal  Units  per  minute 

Columbus  Aircraft  Division 

cubic  centimeters 

cubic  centimeters  per  minute 

cubic  inches  per  revolution 

correlator 

corrosion  resistant 

exhaust  gas  temperature 

degrees  Fahrenheit 

flight  reference  plane 

fuselage  station 

fee  t 

feet  per  second 
ground  control  approach 
government  furnished  equipment 
gallons  per  minute 
horsepower 

pressure  altitude  (20.01  in.  Hg  = Sea  Level) 
Hertz  (cycles  per  second) 


Hz 


I.D. 

inside  diameter 

i n . 

inch 

. 2 

square  inches 

in 

Lb 

pound 

K.OAS 

knots  observed  air  speed  ( uncorrec ted ) 

LH,  L/H 

left  hand 

LHS 

Lightweight  Hydraulic  System 

L/R 

left  and  right 

MAC 

mean  aerodynamic  chord 

max. 

maximum 

M/N 

model  number 

Min . 

minute  (time) 

MRP 

military  rated  power 

MRT 

military  rated  thrust 

MN 

mach  number 

NADC 

Naval  Air  Development  Center 

No. 

number 

OAT 

outside  air  temperature 

O.D. 

outside  diameter 

P-P 

peak- to-peak 

^P 

differential  pressure 

PA 

power  approach  (landing  configuration) 

PCL 

power  control  lever 

PLF 

power  for  level  flight 

psi 

pounds  per  square  inch 

psia 

pounds  per  square  inch  absolute  prcssur< 

psig 

pounds  per  square  inch  gauge  pressure 

P/N 

part  number 

RH,  R/H 

right  hand 

r pm 

revolutions  per  minute 

sec 

second  (time) 

S&L 

straight  and  level 

T/O 

take-of  f 

vdc 

volts  direct  current 

Vh 

maximum  velocity  for  level  flight 

V/STOL 

Vertical/Short  Take-Off  and  Landing 

approximately  equal  to 


APPENDIX  A 


TEST  PROCEDURES 


This  section  details  procedures  used  for 
ground  checking  and  flight  testing  the 
8000  psi  lateral  control  test  installation. 

SECTION 

A. 1 FLUSHING  AND  FILLING  PROCEDURE. 

A. 2 HANGAR  TESTS 

A. 3 RAMP  TESTS  

A. 4 PILOT  INFORMATION  

A.  5 
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FLIGHT  PLAN 


FLUSHING  AND  KILLING  PROCEDURE 


The  purpose  of  the  following  proeedure  is  to  remove  .1  mueli 
M I L-II-5O06  fluid  (rod)  as  practical,  replacing  it  with  MiL-ll-H 3282 
fluid  (amber).  A 3000  psi  ground  cart  containing  MIL-H-83282  fluid 
is  required. 

Prior  to  flushing  and  filling,  notify  B.  Holland  (X2713)  or 
B.  Haning  (X2847)  to  verify  plumbing  hookup. 

Fill  and  Suction  Lines 

• Open  reservoir  drain  line. 

• Attach  3000  psi  ground  cart  to  fill  fitting  on  A/C.  Fill 
at  approx.  1.0  gpm  and  85  psi  max.  Continue  to  fill  until 
fluid  runs  reasonably  clear  (amber). 

NOTE:  Compare  with  fluid  in  cart  to  make  judgment. 

• Cap  reservoir  drain  line. 

• Remove  RH  pump  suction  hose  (at  pump  end)  and  add  fluid 
through  the  fill  line  until  fluid  draining  from  host  run- 
reasonably  clear. 

• Reinstall  RH  pump  hose  and  repeat  for  LH  pump. 

• Reinstall  LH  pump  hose. 

8000  psi  Pressure  Line 


• Open  reservoir  drain  line. 

• Remove  LH  pressure  hose  at  pump  end  and  attach  3000  psi  groun 
cart  pressure  line  to  fitting  (dynatube  adapter  required). 

• Disconnect  aileron  actuator  pressure  hose  at  actuator  end, 
attach  adapter,  and  drain  hose  to  collect  fluid. 

• Flush  at  approximately  1.0  gpm  (at  less  than  500  psi)  for 
one  minute  (aileron  power  switch  "ON"). 

• Reconnect  aileron  actuator  hose.  Gradually  increase  pre  -sure 
to  1000  psi  and  cycle  aileron  actuator  at  least  10  times. 

• Remove  ground  cart  pressure  line  and  reinstall  pump  hose. 


3000  psi  Lines 


COMPLETE  CYCLES 


LATERAL  MASTER  (VARIABLE  STAB.  SYS) 


ARRESTING  HOOK 


SPEED  BRAKES 


LANDING  GEAR 


ELEVATOR  ACTUATOR 


• If  fluid  draining  from  reservoir  is  not  reasonably  clear,  repeat 
cycling  procedure. 

• Drain  and  fill  cart  fill  line  (hose). 


Air  Removal 


• Bleed  other  portions  of  system  as  required. 


• Maintain  reservoir  drain  line  open. 

• Drainandfill  cart  fill  line  (hose). 

• Attach  3000  psi  ground  cart  pressure  hose  to  external 
A/C  disconnect. 

• Gradually  increase  pressure  to  3000  psi  and  cycle  each 
subsystem  in  the  following  order: 


• Close  reservoir  drain  and  fill  reservoir  through  aircraft 
fill  connection. 


Attach  3000  psi  ground  cart  pressure,  fill,  and  suction  lines 
to  the  aircraft. 

Apply  85  psi  at  fill  fitting  and  bleed  air  from  heat  ex- 
changer at  bleed  port  located  at  the  upper,  loft  aft 
corner  of  the  heat  exchanger. 
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HANGAR  TESTS 


Hydraulic  Fluid  Contamination 

• Take  fluid  sample  for  particulate  count.  Open  sampling 
valve  upstream  of  reservoir  return  filter.  Operate 
elevator  slowly.  Discard  first  1/2  pint  of  fluid  before 
taking  sample.  Close  valve. 

• Remove  pump  case  drain  filter  bowl.  Take  bowl,  filter, 
and  fluid  to  lab  for  patch  test. 

Fluid  Leak  Check  (8000  psi  system) 

Connect  10,000  psi  power  supply  - Remove  hose  at  pump  pressure  port 
and  connect  to  discharge  hose  of  10,000  psi  power  supply.  Connect 
hose  from  10,000  psi  power  supply  reservoir  to  the  Tee  immediately 
upstream  of  the  filter  at  the  T-2C  hydraulic  reservoir  return 
port.  Plug  motor  cord  into  a 440  volt,  30  amp  receptacle.  Check 
direction  of  rotation  of  motor. 

Leak  Check  Procedure 

• With  aileron  power  "on",  turn  on  10,000  psi  power  supply  and 
adjust  relief  valve  to  3000  psi.  Make  visual  check  for 
leaks  at  all  newly  installed  pressure  lines.  Operate  aileron 
actuator,  look  for  leaks. 

• Repeat  with  8000  psi  applied. 

• Repeat  with  pressure  sufficient  to  crack  relief  valve 
(8800  to  9000  psi). 

Lateral  System  Operation  Check 

An  operator  familiar  with  the  "feel"  of  the  T-2C  3000  psi  lateral 
system  shall  conduct  this  check. 

• With  8000  psi  applied,  lateral  power  "Off",  operate 
ailerons.  Note  "feel"  and  make  comments. 

• Repeat  with  aileron  power  "On". 

• Reconnect  A/C  hose  to  pump  pressure  port.  Disconnect 
return  line  hose.  Cap  fitting  at  Tee. 
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3000  psi  System  Checkout 

Connect  3000  psi  ground  cart  to  aircraft.  Operate  the  follow- 
ing: elevators,  main  gear,  speed  brakes,  and  lateral  master 

actuator.  Check  for  leaks  and  normal  operation. 

Heat  Exchanger  Check 

• Apply  28  vdc  external  power  to  aircraft.  Turn  on  No. 

2 inverter;  the  heat  exchanger  blower  should  now  be 
operating. 

• Check  for  direction  of  air  flow,  vibration,  major  air 
leaks,  and  motor  temperature  rise  after  15  minutes 
running  time. 

• Measure  compartment  air  static  pressure  with  the  heat 
exchanger  motor  operating  and  all  access  doors  closed 
(D/71). 

• Measure  suction  pressure  in  inlet  line  near  scarfed 
opening . 

Preparation  for  Ramp  Tests 

• Attach  3000  psi  ground  cart  to  fill  fitting.  Apply 
85  psi. 

• To  ensure  the  LH  pump  suction  line  is  full,  loosen  th< 
line  fitting  at  the  suction  port  and  bleed  fluid.  Re- 
tighten fitting. 

• To  ensure  the  LH  pump  case  is  full  of  fluid,  remove 
line  at  pump  case  drain  port  and  cap  line.  Wait  for 
fluid  to  come  from  case  drain  port.  Reconnect  ca<( 
drain  line. 

• Service  reservoir  in  accordance  with  Spec.  HA0201-25lf, 
paragraph  4.2.7. 
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RAMP  TESTS 


Hydraulic  System  Resonance  Search 


• Open  1,11  engine  front  access  door  and  Rll  hydraulic  hay 
access  door. 

• Turn  aileron  power  "On". 

• Start  both  engines  and  run  at  75%  rpm  for  10  minutes  to 
heat  up  hydraulic  fluid.  Shut  down. 

• Turn  on  oscillograph  and  photo  recorder.  Use  4 in/sec 
film  speed  and  2 frames/sec. 

• Dept.  071  personnel  will  observe  pressure  galvos  in  oscillo- 
graph during  this  test. 

• Start  No.  1 engine.  Slowly  increase  speed  from  487,  (idle) 
to  1007o.  Take  approximately  2 minutes.  Slowly  decrease 
engine  speed  from  1007.  to  487,  (take  approx.  2 minutes). 

Shut  down. 

• After  engine  stops  rotating,  turn  off  oscillograph  and  photo 
recorder. 

• Repeat  with  aileron  power  "Off". 

• During  engine  runs  (above)  visually  observe  8000  psi  pres- 
sure lines  for  vibration  and  look  for  leaks. 

Pressure  Surge  Investigation 


• Start  No.  1 engine.  Increase  engine  speed  to  947.  (cruise) 
and  hold. 


• Turn  on  oscillograph  and  photo  recorder. 

• Turn  aileron  power  "On"  and  "Off"  3 times  (approx.  2 sec 
between  switching).  Turn  power  "On". 

• Operate  aileron  actuator  with  hardover  inputs,  from  full 
up  to  full  down,  3 times. 

• Turn  off  oscillograph  and  photo  recorder. 

• Shut  down  engine. 


• Process  film  and  examine  pressure  data  for  hydraulic  resonance 

• If  no  serious  hydraulic  resonance  is  found,  proceed  with  ramp 
test.  If  serious  hydraulic  resonance  is  found,  it  must  be 
corrected  before  testing  can  proceed. 
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• Clean  pump  case  drain  filter  bowl. 


. 

t, 


• Change  system  pressure  and  return  filter  elements. 

The  following  test  will  simulate  a one  hour  flight  from  takeoff  to 
landing.  Recorders  will  be  operated  the  same  as  during  an  actual 
flight.  Observe  "oil  hot"  warning  light  for  possible  early  shutdown, 
i f required. 


NOTE:  1.  A "data  burst"  (DB)  as  used  below  is  defined  as  turning  the 

oscillograph  and  photo  recorder  "ON"  for  approximately  15 
sec.,  then  turning  them  "OFF". 

2.  Run  both  No.  1 and  No.  2 engines 
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• During  the  simulated  flight,  measure  two  air  tempera- 
tures in  the  aft  fuselage  bay  --  one  near  the  forward 
bulkhead,  one  near  the  aft  bulkhead. 

• Process  film  and  reduce  test  data. 

Preparations  for  Flight  Testing  (In  Hangar) 

• Hook  up  3000  psi  ground  cart  pressure  and  suction  lines, 
app 1 y 500  psi. 

• Take  fluid  sample  (within  one  hour  after  ramp  test)  for 
particulate  count.  Open  sampling  valve  upstream  of 
reservoir  return  filter.  Operate  elevator  slowly.  Di  - 
card  first  i/2  pint  of  fluid  before  taking  sample.  Close 
valve. 

• Remove  pump  case  drain  filter  bowl.  Take  bowl,  filter, 
and  fluid  to  lab  for  patch  test. 

• Wipe  off  all  access  door  inside  surfaces  near  hydraulic 
lines  to  aid  in  determining  where  future  leaks  occur. 

• Mark  position  of  fluid  level  on  reservoir  sight  glas  . 

Flight  Clearance 


• Review  LHS  program  and  T-2C  8000  psi  system  detail.-,  v i I h 
government  flight  representative. 

• Obtain  clearance  for  flight 


PILOT  INFORMATION 


The  modified  system  operates  at  two  pressure  level  concurrently: 
1000  psi  and  8000  psi.  An  8000  psi  pump  mounted  on  the  III  on,  i m 
supplies  power  to  an  8000  psi  aileron  surface  actuator;  a 1000  p i 
pump  on  the  RH  engine  powers  all  remaining  T-2C  hydraulic  sub  y ton 
The  3000  and  8000  psi  systems  utilize  a common  reservoir  and  common 
return  lines. 

The  modif  d system  operates  functionally  the  same  as  the  original 
3000  psi  system, except  as  follows: 

1.  Aileron  power  shutoff  is  provided  by  an  8000  psi 
solenoid  valve  which  is  controlled  by  a switch  located 
on  the  pilot's  auxiliary  instrumentation  control  panel. 

NOTE:  For  total  power  shutoff,  both  the  above  switch 

and  the  normal  hydraulic  power  switch  must  be 
moved  to  "off". 

2.  The  3000  psi  #1  pump  output  gauge  is  deactivated.  Out- 
put from  the  8000  psi  pump  is  displayed  on  the  upper 
right  hand  side  of  the  pilot’s  instrument  panel. 

NOTE:  The  pressure  displayed  is  downstream  of  the 

aiLeron  actuator  shutoff  valve  and  will  fall 
to  zero  when  the  aileron  power  switch  is  at 
"off". 

3.  An  "oil  hot"  light  has  been  provided  on  the  pilot' 
auxiliary  instrumentation  panel.  This  light  indicate 
excessive  hydraulic  system  oil  temperature.  Actuation 
of  the  light  is  an  indication  of  system  malfunction. 

4.  The  3000  psi  system  flow  capability  is  reduced  to  one- 
half  that  of  the  conventional  T-2C  aircraft,  since  it 
contains  only  one  pump.  Actuation  of  high  flow  suhsy- terns 
(speedbrakes  and  landing  gear)  at  less  than  1001  engine 
RPM  may  result  in  slower  than  normai  actuation  rate  , 
momentary  drops  in  system  pressure,  or  flickering  of  the 
power-off  caution  light.  These  occurrences  should  be 
considered  normal  for  this  system  configuration. 

5.  A flight  ceiling  of  20,000  feet  is  recommended,  however, 
higher  altitudes  can  be  flown  if  care  is  exercised  to 
avoid  large  flow  demands  when  engine  speed  is  low.  Under 
these  conditions,  suction  Line  pressurization  will  be 
marginal  at  the  3000  psi  pump  and  pump  prime  may  b<  lost. 
Operation  at  15,000  feet  (approx.)  should  restore  pui.p 
prime,  however. 
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6.  Contingency  recommendations: 


• If  the  "oil  hot"  light  comes  on,  terminate  flight. 
Reduce  the  power  setting  and  alternately  cycle  the 
speedbrak.es  and  landing  gear  during  the  return  flight 
to  lower  bulk  fluid  temperature.  Stop  cycling  when 
fluid  temperatures  become  normal. 

• If  the  left  and  right  roll  responses  become  signifi- 
cantly different  for  equal  inputs,  a malfunction  in 
the  aileron  actuator  is  indicated.  Terminate  flight. 
Turn  the  aileron  power  switch  "off".  If  possible, 
turn  off  the  No.  1 engine  for  the  return  flight. 

• If  the  8000  psi  system  pressure  drops  below  6000  psi, 
terminate  flight.  Turn  the  aileron  power  switch  "off". 
If  possible,  turn  off  the  No.  1 engine  for  the  return 

f 1 igh  t . 

• I f an  emergency  requires  shutdown  of  the  No.  1 engine, 
normal  windmilling  should  provide  sufficient  pressure 
to  operate  the  aileron  actuator. 


FLIGHT  PLAN 


1st  Flight;  Max.  Altitude*  20,000  ft. 

Max.  Speed  250  KOAN 

Perform  the  following  maneuvers  at  10,000  and  15,000  ft.: 

• Lateral  control  power  "off"  check  @ 200  KOAS,  PLF 

• Level  flight  MRT  250K  (Max.) 

• Idle  RPM  descent  «=*250  K0AS 

• 1/2  lateral  control  60°-60°  rolls  (3  250  K0AS,  PLF 

• Full  lateral  control  60°-60°  rolls  @ 250  K0AS,  PLF 

• Full  lateral  control  360°  rolls,  (3  250  KOAS,  PLF 

2nd  Flight:  Max.  Altitude  30,000  ft. 

Max.  Speed  400  KOAS  or  .85  MN 

•-•Perform  the  following  maneuvers  at  20,000,  25,000,  and  30,000 

ft.  : 

• Level  flight  MRT  (no  airspeed  limit) 

• Idle  RPM  descent  «s.  250  KOAS 

• 1/2  lateral  control  60°-60°  rolls  (3  V MRT 

max 

• Full  lateral  control  60°-60°  rolls  (3  V MRT 

max 

• Full  lateral  control  360°  rolls  Q V MRT 

max 

*Do  not  operite  speed  brakes  above  20,000  ft. 

Perform  the  following  maneuver  at  10,000  and  15,000  ft.: 

• Full  lateral  control  60°-60°  rolls  (3  MRT,  400  KOAS  max. 

3rd  and  Subsequent  Flights 

Flight  Envelope:  Sea  level  to  30,000  ft. 

Airspeed:  Up  to  400  KOAS  or  0.85  MN,  whichever  is  l<ss 

Flight  Maneuvers:  At  pilot's  discretion 
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Flight  Data 

• Takeoffs  and  Landings: 

Record  daLa  continuously  during  1st  two  minutes  of 
takeoff  and  climb  and  continuously  during  the  two 
minutes  prior  to  touchdown  (Flights  1 and  2 only), 

• Flight:  Record  a 15  sec,  data  burst  once  every  10  min. 

(all  flights) 

• Maneuver:  Record  data  continuously  during  maneuver. 

Maneuvers  for  Pilot  Comments 

NOTE:  Pilot  to  perform  these  at  his  discretion.  Recorders 

not  on.  Pilot  to  comment  after  landing. 

• Apply  small  lateral  inputs,  note  response. 

• Make  comparison  of  "8000  psi  feel"  with  "3000  psi  feel". 

• Turn  aileron  power  "off"  and  fly  manually.  Compare  with 
3000  psi  "feel". 

• The  pilot  is  encouraged  to  perform  any  additional  man- 
euvers that  would  provide  worthwhile  data. 

Post-Flight  Checks 

• Remove  case  drain  filter  bowl  (8000  psi  system).  Take 
bowl,  filter,  and  fluid  to  lab  for  patch  test.  (1st 
three  flights  and  after  final  flight) 

• Take  fluid  sample  for  contamination  check  (l-t  three 
flights  and  after  final  flight).  Take  sample  within 
one  hour  after  flight. 
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APPENDIX  B 


NADC  CONFERENCE 


A briefing  conference  covering  the  LHS  and  AFCAS  development  program 
was  held  in  June  1976  at  the  Naval  Air  Development  Center,  Warminster, 

Pennsylvania.  The  objective  was  to  present  the  results,  status,  and  plan 
ning  of  advanced  concepts  being  pursued  by  NADC,  References  1 through  12, 
and  promote  an  exchange  of  views  on  high  pressure  hydraulics  with  prime 
contractors  and  major  component  suppliers.  The  three  day  meeting  was 
attended  by  approximately  80  industry  and  government  personnel. 

Several  presentations  were  given,  and  handout  summaries  were  distri- 
buted. Subjects  discussed  and  the  presentor  ( ) are  listed  below: 

• Technology  status  of  the  AFCAS  development  program  . fl 

(NAVAIRSYSCOM) 

• Backup  flight  controls  for  increased  aircraft  survivability 

(Honeywell,  Inc.) 

• Low  cost,  building  block,  control-by-wire  actuators 

(Rockwell  International) 

• Electromechanical  actuators  for  primary  flight  controls 

(McDonnell  Douglas  Electronics  Co.) 

• Laboratory  demonstration  of  AFCAS  hardware 

(Rockwell  International) 

• Technology  status  of  the  LHS  development  program 

(NAVAIRDEVCEN) 

• Application  study  of  the  LHS  concept  to  the  F-14  airplane 

(Grumman  Aerospace  Corp.) 

• 8000  psi  component  Test  Results  (Rockwell  International) 

• 8000  psi  pump  development  (Abex  Corporation) 

• Pressure  intensifier  development  (Sundstrand) 

• High  Pressure  Effort  (Sperry-Vickers) 

• Gun  fire  tests  on  tubing  containing  8000  psi  pressure 

(NAVAIRDEVCEN) 


• Pressure  impulse  and  vibration  testing  of  tubing,  fittings, 

and  hoses  at  8000  psi  (NAVAIRDEVCEN) 

• Laboratory  demonstration  of  8000  psi  components 

(Rockwell  International) 

• LHS  advanced  development  program  plan  (NAVAIRDEVCEN) 

The  LHS  advanced  development  phase  will  involve  the  design,  fabrication, 
and  qualification  of  components  for  a prototype  8000  psi  hydraulic  system. 
The  system  will  then  be  evaluated  in  a simulator  (iron  bird),  installed 
in  a test  bed  aircraft,  and  flight  tested.  Successful  completion  of  this 
program  will  substantiate  the  LHS  concept,  and  provide  information  necessary 
to  progress  toward  fleet  use  of  the  concept  in  the  1980's. 


